The influence of two anecic earthworm species, Lumbricus terrestris and Aporrectodea giardi, on the soil adjacent to their burrows was studied in the laboratory. The morphological, physical and biochemical characteristics of the burrow walls were compared with those of casts and surrounding soil by scanning electron microscopy and measurement of water stable aggregation (WSA), enzymatic activities and elemental content (C and N).
Introduction
As regards soil structure, the activities of earthworms (characterised as "ecosystem engineers" by Jones et al., 1994) primarily result in the creation of casts as newly formed aggregates and burrows as * Corresponding author.
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macropores. Numerous workers have investigated the structural, chemical, physical or enzymatic properties of casts (e.g. Bussinelli et al., 1984; Shipitalo and Protz, 1989; Tiwari et al., 1989; Marinissen and Dexter, 1990; Schrader and Zhang, 1997) . Most studies on burrows focused on the morphology and geometry of burrow systems (Kretzschmar, 1989; Joschko et al., 1993; Capowiez et al., 1998; Jégou et al., 1998a Jégou et al., , 1999 Langmaack et al., 1999) , with respect to the role of burrows in preferential water flow (e.g. Roth and Joschko, 1991; Kladivko et al., 1986) and transport of soluble components (e.g. Edwards et al., 1990) . However, only very few studies have considered the burrow walls themselves. The burrow wall zone, which is directly or indirectly influenced by the earthworm burrowing activity, has been called zoosphere (Joffe, 1936) , vermisphere (Hamilton and Dindal, 1983) or drilosphere (Bouché, 1975) . Earthworm burrow systems can be very extensive especially in the case of endogeic species (Lee and Foster, 1991; Joschko et al., 1993; Jégou et al., 1998a) . Consequently, the burrow walls can represent an important area in the soil. For instance, Kretzschmar (1987) estimated that the surface of burrow walls reached 50 m 2 per square meter in a meadow soil. Because of their location between the macropore itself and the soil matrix, burrow walls may play an important role in gas and water exchanges in the soil. Moreover, because they are covered with casts and mucus (Hamilton and Dindal, 1983; Lee, 1985) , burrow walls are considered to have particular chemical and microbiological properties. For instance, Stehouwer et al. (1994) showed that the material lining burrows of Lumbricus terrestris may significantly retard herbicide transport during lateral flow into and out of the burrow. Burrow walls which are enriched with polysaccharides (Zhang and Schrader, 1993) become buffered to neutral pH in acid and alkaline substrate through cutaneous mucus secretion (Schrader, 1994) and form stable microhabitats for specific active microbial communities (Tiunov and Scheu, 1999) . For all these reasons, earthworm burrow walls may be of importance in different soil processes, such as organic matter decomposition, water movement and water storage.
In previous studies on the subject (Kretzschmar, 1987; West et al., 1991; Binet and Curmi, 1992) , no comparisons between the burrow walls of different earthworm species were performed. In field studies (Loquet et al., 1977) , the enzymatic properties of burrow walls were assessed without being related to a particular species. Furthermore, when comparing three earthworm species, Lumbricus terrestris, Aporrectodea giardi and Aporrectodea caliginosa, we found big differences in their burrowing activities and in the morphology of their burrow systems (Jégou et al., 1999) . From this, we hypothesised that the properties of the burrow walls of different species may also differ. Therefore, we compared the burrow walls of two anecic earthworm species, L. terrestris and A. giardi, which are commonly found in agroecosystems in Brittany (France).
The aim of this study was to characterise the earthworm burrow walls from a micromorphological, physical, enzymatic and chemical point of view. To this end, scanning electronic microscopy observations, aggregate water stability measurements and enzymatic activity analysis were carried out.
Materials and methods

Experimental procedure
The characteristics of the burrow walls of L. terrestris and A. giardi were studied using samples collected in experimental systems under controlled laboratory conditions. According to their morphoecological characteristics, these species are considered as epianecic and anecic worms, respectively (Bouché, 1972) . They are commonly found in agroecosystems in Brittany (France) where they were sampled.
Soil was collected from the upper 30 cm of the uncultivated border of an experimental field in Brittany. The soil is a silt loam (SSSA, 1997) with 11% sand, 70% silt and 19% clay and 2.17% soil organic matter. After air-drying and sieving (<4 mm), the soil was rewetted to 20% by weight. It was then artificially compacted into polyvinyl chloride cylinders of 15 cm diameter and 30 cm height in six layers (five layers 5 cm-thick and one 3 cm-thick). The bulk density of the soil in each column was 1.35 g cm −3 . The soil columns were then rewetted by capillary absorption.
Four cylinders were inoculated with one adult individual of A. giardi each, four cylinders with one adult individual of L. terrestris. A mixture of different grasses for permanent grassland was dried for 4 days at 35 • C, ground and sieved (>1 mm) and placed on the soil surface for food. Based on data from Lee (1985) , 0.011 g g −1 live wt. per day was added in four applications during the incubation. These microcosms were kept at 12 • C with 12 h light/day for 70 days. About 50 ml of distilled water was sprayed on the surface after every 10 days.
Sampling
At the end of the experiment, all the litter had disappeared from the soil surface in all microcosms and all the worms were alive. The four replicates of each treatment were dismantled in order to collect samples from four different "soil compartments". Based on previous studies (Jégou, 1998) , the soil compartment "burrow walls" was defined as the zone affected by earthworm burrowing activity and corresponding to an extended mantle of 1 cm diameter around the burrow void. The following two subzones were delimited:
• The inner layer (from the lumen of the burrow up to about 3 mm) which consisted of below-ground casts deposited in and coated onto the burrows.
• The outer layer (from about 3-10 mm), which was the rest of the defined area. It was less homogeneous than the inner layer.
Although the border between inner and outer layer was not very sharp, both subzones could be macroscopically distinguished at the broken surfaces of the samples.
In order to compare the burrow walls to other parts of the soil, the following two additional "soil compartments" were sampled:
• The surface casts produced during the incubation.
• The surrounding soil, located at least 2 cm away from any structures formed by earthworms.
Two columns of each treatment were dismantled for measurements of water stable aggregation (WSA) and morphological analysis by scanning electronic microscopy. With this end, they were cut into slices of 5-6 cm thickness, air-dried for 4 days and broken into smaller pieces (2-4 cm in length). The inner layer of the burrow, the outer layer of the burrow and the surrounding soil were then sub-sampled.
The two other columns were sampled fresh without drying at the end of the incubation. Immediately, the samples were stored at −18 • C until being submitted to enzymatic and chemical measurements. In this case, the burrow walls were sampled in total without separating the two subzones as described above. Casts and surrounding soil were also sampled. Carbon and nitrogen contents were determined on dried samples from the whole burrow wall, the casts and the surrounding soil.
Scanning electron microscopy (SEM)
Small samples (two replicates per compartment) were broken into pieces to obtain fracture surfaces for studying the microstructure morphology of the aggregates inside. They were then sputtered with gold using a Balzers SCD 040 sputter coated and examined with a Philips SEM 515. Photomicrographs were taken from broken surfaces at 40×, 100× and 500× magnification (respectively, low, intermediate and high magnifications).
Water stable aggregation (WSA)
The collected material was broken into 1-2 mm aggregates as described by Hartge and Horn (1989) . The WSA was assessed using the method of Kemper and Rosenau (1986) . A total of 10 replicates per compartment were analysed. About 4 g of air-dried aggregates of average diameters between 1 and 2 mm were poured on a sieve with 0.2 mm mesh and then sieved for 3 min in water with a wet sieving machine at 35 rpm and a stroke length of 4 cm (Hartge and Horn, 1989) . The aggregates remaining on the sieve were collected and oven-dried. After being weighed (W1), they were dispersed with a 0.2 N Na 2 P 2 O 7 solution, sieved in water, and oven-dried again to get the weight of the sand fraction >0.2 mm (W2). The WSA was calculated from the following equation:
where W1 is the weight (in g) after wet sieving and W2 the weight (in g) after dispersion.
Measurements of enzyme activities and carbon and nitrogen contents
Dehydrogenase activity (DHA) was detected using the reduction of triphenyltetrazolium (TTC-method) as described by Malkomes (1993) . Acid (buffer-pH 6.5) and alkaline (buffer-pH 11) phosphatase activities were determined using the method of Tabatabai and Bremner (1969) modified by Margesin (1993) at 37 • C. Six replicates per compartments were analysed for each enzyme activity.
Carbon and nitrogen contents were determined using the autoanalyser LECO CHN-1000 (Leco, Kirchheim, Germany). Two replicates per compartment were analysed.
Statistical tests
Means and confidence intervals (P ≤ 0.01) were calculated for WSA (10 replicates) and for each enzyme activity (six replicates). Means and confidence intervals (P ≤ 0.05) were calculated for C and N content (two replicates). Fig. 1 shows representative photomicrographs of the inner and outer layers of the burrow wall of L. terrestris and of the surrounding soil. The following analysis is valid for L. terrestris and A. giardi as well because no morphological difference could be found in the microstructure of the burrow walls between the two species.
Results
Morphological analysis by SEM
The low magnification photomicrographs shows that the microstructure of the inner layer of the burrow wall (Fig. 1a) is more homogenous than that of the outer layer (Fig. 1b) . The outer layer showed several voids and cracks which separated dense and homogeneous parts of the soil from each other. These homogeneous parts range from 500 to 2000 m in diameter, which was nearly the same size as the aggregates of the surrounding soil as shown in Fig. 1c . The aggregates of the surrounding soil were well separated from each other in every case. The aggregate and the pore sizes could reach several mm in diameter. The porosity decreased from the surrounding soil to the outer layer and to the inner layer of the burrows, this last compartment showing the finest porosity.
The intermediate magnification supports the results obtained with the low magnification for the burrow walls. Moreover, the broken surfaces of aggregates of the surrounding soil (Fig. 1f) revealed a very dense microstructure nearly similar to the microstructure of the burrow walls ( Fig. 1d and e) .
The high magnification gave detailed informations on the microstructure of aggregates. Differences were determined in the spatial orientation of silt particles (Soil taxonomy: 50-52 m in diameter). Within the inner layer, silt particles were arranged in a very irregular orientation (Fig. 1g) . In contrast, silt particles within aggregates of the surrounding soil were orientated nearly parallel (Fig. 1i) . The microstructure within the outer layer (Fig. 1h) was quite similar to the inner layer.
Water stable aggregation (WSA)
The three compartments sampled for L. terrestris showed similar values for WSA (Fig. 2) . For A. giardi, aggregates increased from the inner layer to the surrounding soil.
No differences were observed between the two species except for the inner layer where the values were much higher for L. terrestris.
Enzyme activities
No significant differences were observed between the two species for acid phosphatase activity (Fig. 3) although the activities observed for L. terrestris tended to be higher than those found for A. giardi. No differences were observed between the different compartments in microcosms with the same species.
Much larger differences were observed between species and compartments for alkaline phosphatase activity (Fig. 4) . The values observed for A. giardi always tended to be lower compared to those found for L. terrestris. The casts and burrow walls of L. terrestris reached the same values which were not significantly different from those observed for the surrounding soil. The casts of A. giardi had higher activity levels than those found for the burrow walls and for the surrounding soil.
Finally, the dehydrogenase activity (Fig. 5) showed the most striking differences between species and compartments. The activity was higher in the casts than in the burrow walls, these two compartments also showing greater activity than the surrounding Fig. 3 . Acid phosphatase activity (pH 6.5) in surface casts, burrow walls and surrounding soil from columns containing A. giardi or L. terrestris. Means (n = 6) and confidence intervals (P ≤ 0.01). soil. Differences also appeared between species: the structures formed by L. terrestris tended to show a higher activity than those of A. giardi. In the case of burrow walls, the values were significantly higher for L. terrestris.
C and N content
The carbon and nitrogen content (Table 1) of the three compartments studied followed the ranking: surface casts > burrow walls > surrounding soil. The differences between these compartments were more pronounced in the case of L. terrestris. Furthermore, casts and burrow walls of L. terrestris were more enriched by C and N than those of A. giardi. However, the only significant difference between the two species was found for the N content in casts.
Discussion
The SEM-photomicrographs showed distinct differences between the burrow walls (inner and outer) and the surrounding soil. At low magnification, an intense homogenisation of the structure of the inner layer and to a lower extent of the outer layer of burrow walls was apparent. These modifications corresponded to a reduction of porosity from the surrounding soil to the outer and to the inner parts of the burrow walls. In this study, the sampled burrow walls are constituted of casts deposited on the tunnel periphery. Earthworm casts generally contain more fine textured material than soil from which they are produced, probably because there is an upper limit to the size of mineral grains that earthworms can ingest (Lal and Akinremi, 1983) . Shipitalo and Protz (1988) showed that earthworms disrupt microaggregates in the process of forming new ones. In accordance with these previous findings, the new organisation observed in this study for the burrow walls was characterised by a higher homogenisation and by pores of smaller size compared to the parent material. Except for the orientation of silt particles the microstructure of burrow walls was very close to that of the parent material.
The outer layers of walls corresponded to a transition zone constituted from surrounding soil. In this area, the reduction in porosity was intermediate between that observed for inner layers and for surrounding soil. This can be explained by the general behaviour of earthworms. L. terrestris, and to a lower extend A. giardi, construct permanent burrow systems in contrast to A. caliginosa which makes temporary systems (Jégou et al., 1998a) . This mean that once the burrow system is established, the worms re-use the same burrows. Following this, the burrow walls would be constructed in two steps: below-ground casts would be deposited in the tunnel in the course of construction and then compacted during further passages of the worm in the burrows. This mechanism was also reported by Kretzschmar (1987) and by Binet and Curmi (1992) for L. terrestris.
No obvious differences in WSA were measured between the three sampled compartments for either earthworm species. Correlations between factors generally responsible for WSA, i.e. the quantity and quality of the ingested organic matter (Shipitalo and Protz, 1989) and microbial activity (Flegel and Schrader, 1996) with WSA values were not found here. It is likely that the C and N enrichment was not sufficient and/or the time for age-hardening effects was too short to induce an increase in WSA. Other numerous parameters, such as matrix potential of the original soil (Hindell et al., 1994) or cast age (Shipitalo and Protz, 1988; Hindell et al., 1994) , which may influence WSA were not taken into account in this study.
No differences were observed between the two species except for the burrow inner layer where the values were significantly higher for L. terrestris. According to the findings of Flegel and Schrader (1996) , the higher enzymatic activity and the higher nutrient content may explain why the inner walls of the burrows of L. terrestris were more stable than those of A. giardi. Moreover, the whole burrow system of L. terrestris was built at the beginning of the experiment (within the first 2 weeks) whereas that of A. giardi was constructed progressively during the whole incubation (assessed by cast production). As shown for casts (Shipitalo and Protz, 1988; Hindell et al., 1994) , the WSA of burrow walls may also increase with their age.
Enzymatic activity reflects the importance of microbial populations and of their activities in soil. The chosen enzymes (acid and alkaline phosphatase and dehydrogenase) are common to microorganisms, and are good indicators for microbial biomass (Domsch et al., 1979; Nannipieri et al., 1979) .
Although differences in enzymatic activity between the different compartments were more or less obvious, the results tend to show that microbial activity was generally higher in the earthworm structures as compared to the parent material. This is in accordance with the results of Tiunov and Scheu (1999) showing that the burrow walls of L. terrestris in soils of different deciduous forests had more than two times higher basal respiration, microbial biomass and bacterial volume than the surrounding soil. Le Bayon (1999) also found an increase in acid and alkaline phosphatase in both casts and burrow walls of L. terrestris incubated in microcosms with litter. This was attributed to the usual behaviour of this species, which consists of incorporating litter into burrows allowing the enhancement of microbial activity by providing C. Flegel and Schrader (1996) found that acid and alkaline phosphatase activity was highly correlated with nitrogen content in cast aggregates of detritivorous earthworms. These explanations are also valid for the present study since casts of both species and burrow walls of L. terrestris were C and N enriched compared to the parent material. Nutrient content may partly explain the differences between ingested and non-ingested soil. On the other hand, differences can also be due to soil microstructure of burrow walls as observed in SEM-photomicrographs. The differences in soil microstructure may reflect selection feeding: Le Bayon (1999) found that earthworms select litter and the finest soil particles, such as clay (Lal and Akinremi, 1983) where enzymes find adsorption sites (Burns, 1978) .
Whatever the compartment, the values obtained for the three enzymes for L. terrestris tended to be higher than those for A. giardi. These results, which mean that the microbial activity was different or did not reach the same intensity for the two species, can be explained by the C and N contents of the different structures. In accordance with results obtained by Jégou et al. (1998b) , the structures of L. terrestris always tended to be more C and N enriched than those of A. giardi. Moreover, the fact that L. terrestris constructs a permanent burrow system and re-uses its whole burrow system (Jégou et al., 1998a ) could lead to a frequent input of mucus on the burrow walls and explain why the enzymatic activity was higher than in the burrows of A. giardi. Enzymatic activity was also higher in the soil surrounding L. terrestris than in that surrounding A. giardi burrows. This may be explained by the fact that the casts formed by L. terrestris are more C and N enriched (e.g. Jégou et al., 1998b) than those of A. giardi. Leaching of the casts following material may then have led to a higher C and N enrichment of the soil in the case of L. terrestris than for the other species.
Generally, the values obtained for casts tended to be higher than those observed for the burrow walls whereas differences between C and N content of the two compartments were not obvious. The sampled burrow walls were mainly considered to be constituted from below-ground casts and consequently should show enzymatic activity similar to those of surface casts. The effects of other factors (dehydration, temperature, oxygenation, age of cast material, etc.) which influence enzyme and microbial activities may be implicated in causing the differences between the two compartments.
Conclusions
The reduction in porosity observed by SEM both in inner and outer parts of the burrow walls may be explained by the fine texture of below ground casts which constituted the inner walls, and by the pressing which occurred during the burrow formation associated with the re-using of burrows. By tunnelling earthworms affect not only the distribution of macropores but also that of micropores. The resulting reduction in porosity can be detected in a zone of influence of a thickness of at least 1 cm around the burrow. In terms of hydrodynamics, the modification of the microporosity of the burrow walls may influence the movement of water and solutes from channels to soil matrix and vice versa.
We assume that the extend of C and N enrichment and the enhanced enzyme activities were not sufficient and that the time for age-hardening was too short to induce a considerable increase in WSA of burrow wall aggregates. Generally, differences between L. terrestris and A. giardi were more or less pronounced depending on their morphoecological characteristics.
